Fibrosis is the common pathological feature in most kinds of chronic kidney disease (CKD). TGF-b/Smads signaling is the master pathway regulating kidney fibrosis pathogenesis, in which Smad3 acts as the integrator of various pro-fibrosis signals. In this study, we analyzed the role of SIS3, a specific inhibitor of Smad3, in mouse unilateral ureteral obstruction (UUO) kidneys. Material/Methods: UUO mice were intraperitoneally injected with 0.2 mg/kg/day or 2 mg/kg/day of SIS3 or control saline for 7 days, followed by analysis of structure injury, fibrosis status, inflammation, apoptosis, and TGF-b/Smads signaling activity.
Background
Kidney fibrosis is the common pathological feature for almost all kinds of chronic kidney diseases, including diabetic kidney and glomerulonephritis, and is strongly related with kidney function decline [1, 2] . Kidney fibrosis is characterized by unbalanced extracellular matrix (ECM) metabolism resulting in excessive deposition of matrix component, which returns to impede the function of tubules and glomerulus. However, there is still no available drug to specifically target the fibrosis pathogenesis in clinical management of kidney disease.
It is commonly accepted that TGF-b/Smads signaling is the master pathway regulating kidney fibrosis [3] . In canonical TGF-b/Smads signaling, the active TGF-b ligand binds to receptor TbRII, which then recruits TbRI. The later then phosphorylates receptor-associated Smads protein, including Smad2 and Smad3. Phosphorylated Smad2 or 3 can bind with co-Smad (Smad4) and is translocated into the nucleus to exert transcription activity to regulate downstream gene expression [3] . It has been proven that Smad3 but not Smad2 has a pro-fibrosis role in kidney fibrosis [4] . Smad3 directly regulates expression of various fibrogenic genes like extracellular matrix protein and tissue inhibitor of metallopeptidases (TIMPs) [5] . Furthermore, Smad3 also can stimulate TGF-b1 expression to enhance TGF-b/Smads signaling in a positive feedback. On the other hand, Smad3 also induces the counteracting Smad7 to negatively regulate TGF-b signaling by degradation of TbRI and Smad3, thus maintaining balanced signaling activity [3, 6] . In kidney fibrosis, ectopic activity of TGF-b/Smads signaling was observed. Genetics studies indicated that inhibition of TGF-b/ Smads signaling, either by deletion of TbRII and Smad3, or by over-expression of Smad7, can suppress the fibrosis progression in different models of kidney injury [7] [8] [9] [10] [11] . These studies indicate that TGF-b/Smads signaling is an important therapeutic target in kidney fibrosis treatment.
SIS3 is a synthesized chemical that specifically inhibits Smad3 phosphorylation and its binding to Smad4. It was reported that SIS3 inhibits the myofibroblast differentiation and production of collagen production in TGF-b1-stimulated human dermal fibroblasts [12] . Pretreatment with SIS3 also can increase E-cadherin and decreased vimentin and a-SMA protein levels in RLE-6TN (rat lung epithelial-T-antigen negative) cells treated with TGF-b [13] . In human trabecular meshwork cells, SIS3 abolishes the extracellular matrix proteins deposition induced by gremlin [14] and TGF-bs [15] . In the kidneys, SIS3 treatment delays the early development of diabetic nephropathy in a type I diabetic mouse model through inhibition of endothelial-mesenchymal transition and fibrosis [16] . However, the role of SIS3 in UUO kidney fibrosis is not clear.
In this study, UUO mice were intraperitoneally injected with SIS3 and the kidney injury status was studied. We undertook the present study to investigate the role of SIS3 in UUO kidney in terms of fibrosis, apoptosis, and inflammation. These results highlight the potential therapeutic value of SIS3, which might be translated to a novel kidney-protective strategy in the future.
Material and Methods
UUO mouse model construction and SIS3 treatment.
The UUO mouse model was established in BALB/c male mice (6 weeks old, 20±2g) by ligating the left ureter, as previously described [8] . Animals were randomly divided into 4 groups (n=8 for each group) including sham and UUO with SIS3 (Sigma, USA, Cat# S0447) of different dosages (0, 0.2, 2 mg/kg/day). One day after UUO surgery, mice of each group were intraperitoneally injected with different dosages of SIS3 (in 5% dimethyl sulfoxide) for 1 week. The sham group received vehicle injection (5% dimethyl sulfoxide) instead. Mice were maintained in a special pathogen-free (SPF) facility with 12-h light/12-h dark cycle and free access to food and water. On the 8th postoperation day, UUO or sham kidney was harvested for downstream analysis. For immunohistochemistry (IHC), kidneys were fixed in 4% paraformaldehyde and subjected to standard paraffin embedding. For Western blotting and RT-PCR, fresh kidney tissue was snap-frozen in liquid nitrogen and stored at -80°C. Plasma was isolated from anticoagulant (heparin)-treated blood and kept at -80°C. All animal experiments complied with corresponding regulations and were approved by the Animal Ethics Committee of Southwest Medical University.
Histological analysis
Paraffin sectioning was performed at 4 μM. After dewaxing in xylene and rehydration in gradient ethanol, hematoxylin-eosin staining (HE staining) was conducted with an HE staining kit (Beyotime, China, Cat# C0105). Periodic acid-Schiff staining (PAS) was performed with a periodic acid-Schiff staining kit (Solarbio, China, Cat# G1281). Masson's trichrome staining was performed with a kit from Nanjing Jiancheng Bio., China (Cat# D026). The above staining procedure were done according to the manufacturer's instructions. Tubular injury score was semiquantitatively calculated based on PAS staining according to the percentage of cortical tubular necrosis with an assigned value: 0, none; 1, 10%; 2, 10% to 25%; 3, 25% to 75%; and 4, >75% [16] . Immunohistochemical staining (IHC) was performed with Biotin-Streptavidin HRP-based SPlink Detection Kits (ZSGB-Bio, China, Cat# SP-9002) and all procedures followed the manufacturer's instructions. Antibodies used in IHC were mouse anti-a-SMA (1: 100, Boster, China, Cat# BM0002) and mouse anti-fibronectin (1: 100, DHSB, USA, Cat# P1H11).
Images were taken with a light microscope (Nikon Eclipse 80i, Japan) at 200× magnification.
Western blotting analysis
Total protein of kidney tissue was extracted with RIPA lysis buffer and protein concentration was quantified with Coomassie brilliant blue method. We resolved 40 μg of protein in 12% SDS-PAGE gel. After transfer to PVDF membrane, the membrane was blocked with 5% fat-free milk for 1 h at room temperature (RT). Primary antibody incubation was performed at 4°C overnight. The next day, the membrane was washed 3 times with TBST for 5 min each time. Corresponding HRPconjugated secondary antibody was applied for 1 h at RT. After washing with TBST, signals were developed with Immobilon Western Chemiluminescent HRP Substrate (Minipore, USA, Cat# WBKLS0500) and checked with the ChemiDoc XRS+ system (Bio-Rad, USA). Quantification of expression was performed with Image J 1.47V software (NIH, USA). Primary antibodies used were mouse anti-TGF-b1 (R&D Systems, USA, Cat# MAB240), rabbit anti-Smad2 (CST, USA, Cat# 5339), rabbit antip-Smad2 (CST, USA, Cat# 3108), rabbit anti-samd3 (CST, USA, Cat# 9523), rabbit anti-p-smad3 (CST, USA, Cat# 9520), mouse anti-a-SMA (Boster, China. Cat#, BM0002), mouse anti-TNFa (Proteintech, USA, Cat# 60291-1-Ig), rabbit anti-COX2 (CST, USA, Cat# 12282), rabbit anti-vimentin (CST, USA, Cat#5741), rabbit anti-caspase-3 (CST, USA, Cat# 9665), and mouse anti-GAPDH (Minipore, USA, Cat# MAB374MI). Secondary antibodies used were HRP-conjugated goat anti-mouse polyclonal antibody (ZSGB-Bio, China, Cat# ZB2305) and HRP-conjugated goat anti-rabbit polyclonal antibody (ZSGB-Bio, China, Cat# ZB2301).
Real-time PCR
Total RNA was extracted from kidney tissues using Trizol reagent (Thermo Scientific, USA, Cat# 15596018) following the manufacturer's instructions. We reverse-transcribed 1 μg of total RNA into cDNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA, Cat# 1622). Real-time PCR was performed with UltraSYBR Mixture (Cwbio., China, Cat# CW2061) on the Mastercycler ep Realplex real-time PCR system (Eppendorf, Germany). Primers used in this study included: a-SMA forward 5'-GTGGCTATTCCTTCGTGACTAC-3' and reverse 5'-CAGGCAGTTCGTAGC TCTTC-3', Collagen I forward 5'-CAGAGAGGAGAAAGAGGCTTC-3' and reverse 5'-CTCACGTCCA GATTCACCAG-3', Collagen III forward 5'-GGACAGATTCTGGTGCAGAG-3' and reverse 5'-GGTA TGTAATGTTCTGGGAGGC-3', GAPDH forward 5'-AAGGTCGGTGTGAACGGATTTG-3' and reverse 5'-TGGCAACAATCTCCACTTTGCC-3'. All primers were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The relative expression level of the genes of interest was normalized with GAPDH.
ELISA
Plasma IL-1b concentration was determined with a mouse IL-1b ELISA kit (Neobioscience, China, Cat# EMC001b) according to the manufacturer's instructions.
TUNEL assay
Paraffin sectioning was performed at 3.5 μM. After dewaxing in xylene and rehydration in gradient ethanol, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate (dUTP) nick-end labeling staining (TUNEL staining) was conducted with an in situ cell apoptosis detection kit (Boster, China, Cat# MK1020). The above staining procedures were done according to the manufacturer's instructions. The number of TUNEL-positive cells was counted in 10 random highpower fields.
Statistical analysis
Data are presented as mean ±SEM. SPSS 13.0 software was used for one-way ANOVA and comparison between groups. GraphPad Prism 6.0 software was used to arrange data and generate statistical graphs. A Ρ value <0.05 was considered statistically significant.
Results

SIS3 treatment ameliorated the pathological lesions induced by UUO
To explore the protective role of SIS3, the UUO model mice were intraperitoneally injected with saline or SIS3 (0.2 mg/kg/day or 2 mg/kg/day) from the second day to seventh day after model construction. At the 7 th day, HE and PAS staining analysis showed that the UUO kidneys exhibited remarkable structural damage, including tubular dilation and atrophy, desquamation of epithelial cells, and expansion of interstitium. In contrast, SIS3 treatment relieved the above structural damage in UUO kidneys in a dose-dependent way ( Figure 1A, 1B) . The tubular injury scoring analysis, which judged the tubular necrosis, also revealed recovered tubule structure in SIS3-treated UUO kidneys ( Figure 1C ).
SIS3 treatment suppressed interstitial fibrosis in UUO kidney
We next examined whether SIS3 treatment suppressed the kidney fibrosis, which is the primary injury of UUO model. As shown in Figure 2A, intensity of Masson staining. In line with the Masson staining, the expression level of extracellular matrix protein fibronectin was also decreased upon SIS3 treatment as detected by IHC (Figure 2B, 2D) . We also used RT-PCR to detected the expression level of matrix protein collagen I and III. Compared with the sham kidney, UUO significantly promoted the transcription of collagen I and III, but SIS3 treatment attenuated the collagen I and III RNA expression in a dose-dependent way ( Figure 2E, 2F) .
In UUO-induced kidney fibrosis, the excessive extracellular matrix deposition is mainly from activated fibroblasts that differentiated into myofibroblasts [18] . As shown in Figure 3 , UUO kidneys presented robust a-SMA positive myofibroblasts, which was accompanied by elevated expression of a-SMA mRNA and protein. In contrast, SIS3 remarkably decreased the number of a-SMA-positive myofibroblast cells in treated UUO kidneys. Consistently, compared with the UUO kidneys, the expression of a-SMA was suppressed by SIS3 treatment both at RNA and protein levels in a dose-dependent manner. Furthermore, SIS3 treatment also significantly decreased the expression of vimentin in UUO kidneys, which was abundantly enriched in activated myofibroblasts ( Figure 3B, 3D) . These data suggest that SIS3 can inhibit the activation of myofibroblast cells and thus reduce fibrosis.
SIS3 inhibited the activation of pro-fibrotic TGF-b/Smad3 signaling in UUO TGF-b/Smads signal is the master pathway that regulates fibrosis in many kinds of disease, including kidney fibrosis [6] . As SIS3 is a chemical inhibitor of Smad3 [12] , we next analyzed the activity of TGF-b/Smads signaling by Western blotting. As shown in Figure 4 , in UUO kidneys, the phosphorylation levels of Smad2 and Smad3 were remarkably increased when compared with the sham kidneys and the signal ligand TGF-b1 also showed increased expression. However, the levels of phosphorylated Smad3 and TGF-b1 were suppressed in SIS3-treated UUO kidneys in a dose-dependent manner. Notably, the phosphorylation level of Smad2 did not change upon SIS3 treatment in UUO kidneys, suggesting the specificity of SIS3 in Smad3 activity inhibition. These data indicate that SIS3 causes specific inhibition of TGF-b/Smad3 signaling in UUO kidneys.
SIS3 treatment reduces inflammation following UUO
Ectopic inflammation is another feature during kidney fibrosis [6] . We next investigated whether the reduced fibrosis in SIS3-treated UUO kidneys was accompanied with decreased inflammation reaction. As shown in Figure 5 , inflammation-related proteins TNF-a and COX2 were robustly activated in UUO kidneys. However, SIS3 treatment significantly suppressed the level of TNF-a at a dose of 2 mg/kg and COX2 at both 0.2 and 2 mg/kg in UUO kidneys. Furthermore, ELISA analysis showed that SIS3 treatment also ameliorated the increased plasma IL-1b level, indicating that SIS3 recovered the ectopic circulatory inflammation level in UUO condition ( Figure 5D ).
SIS3 treatment attenuated apoptosis following in UUO kidneys
Renal tubular apoptosis has a close relationship with renal fibrosis. Finally, we examined whether SIS3 treatment suppressed the renal tubular apoptosis after UUO. The TUNEL assay results showed that renal tubular apoptosis was rarely observed in the sham group, while apoptotic cells in the UUO group significantly increased. However, compared with the UUO group, the number of TUNEL+ cells in the SIS3 treatment group significantly decreased ( Figure 6A, 6B) . Furthermore, SIS3 treatment also significantly decreased the expression of cleaved-caspase 3 in UUO kidneys, which was abundantly expressed in activated apoptotic cells ( Figure 6C, 6D ).
Discussion
Fibrosis is the common pathological change in almost all kinds of chronic kidney diseases, and targeting the fibrosis is one of the options in CKD treatment [6] . In this paper, we first analyzed the anti-fibrosis role of SIS3 in a UUO kidney fibrosis model. We found that SIS3 treatment reversed the tubular injury, ECM gene protein and RNA expression, and myofibroblast activation in UUO kidneys in a dosage-dependent manner. The pro-fibrotic TGF-b/Smad3 pathway was suppressed upon SIS3 treatment. Furthermore, SIS3 also ameliorated the inflammation injury and reduced the renal tubular apoptosis in UUO kidneys. Although it has been well accepted that TGF-b/Smads signaling is the master pathway for various fibrosis diseases, including fibrotic kidney disease, TGF-b/Smads signaling can be activated in TGF-b ligand-dependent and -independent ways. For example, the downstream Smad2 and Smad3 can be activated (phosphorylated) by advanced glycation end-products (AGEs) in diabetic nephropathy and angiotensin II in hypertensive nephropathy through ERK/P38-Smad cross-talk [19, 20] . This indicates that targeting the upstream signal transduction of canonical TGF-b/Smads pathway may not completely block the pro-fibrotic signaling. However, Smad3 is believed to act as the final integrator of various pro-fibrotic signals and can directly regulate ECM-involved gene expression. Thus, Lan proposed that Smad3 is an ideal therapeutic target for fibrosis treatment [6] , and this is supported by the fact that Smad3 knock-out mice have a more robust anti-fibrosis effect than TbRII knock-out mice in UUO kidneys [7, 8] . Furthermore, blockade of the upstream signal of TGF-b/Smads signaling may have additional adverse effects. For example, although deletion of TbRII suppresses kidney fibrosis in UUO mice, it also promotes inflammation injury [7] . In contrast, Smad3 knock-out inhibits fibrosis, apoptosis, and inflammation in various mouse kidney disease models [8, 9, 21] . In our study, the blockade of Smad3 by the chemical inhibitor SIS3 not only inhibited fibrosis as evidenced by decreased ECM gene expression and myofibroblast activation (Figures 2, 3 ), but also suppressed the inflammation reaction and the renal tubular apoptosis in UUO kidneys (Figures 5, 6 ). This is in line with the previous genetic studies in a mouse model and further strengthens the consensus that Smad3 is a perfect target for anti-fibrosis treatment [8, 9, 21] .
Ectopic inflammation is an important feature in kidney fibrosis. NF-kB signaling is the key pathway that regulates inflammation, and increased NF-kB activity and downstream pro-inflammatory cytokines expression are regularly accompanied by fibrotic kidney disease [6] . TGF-b/Smads signaling cross-talks with NF-kB signaling through promoting expression of IkBa by Smad7 [22] , and Smad3 knock-out can block the inflammation in addition to inhibition of fibrosis in kidney fibrosis. Our results also showed ameliorated inflammation in UUO kidneys treated with SIS3, resulting in decreased inflammation insults.
Renal tubular apoptosis is another important feature of kidney fibrosis. Research has shown that inhibition of tubular cell apoptosis protects against renal damage and development of fibrosis following UUO [23] . It is clear that cross-talks between the MAP kinase and Smad signaling pathways stimulated by upstream TGF-b1 receptor. TGF-b1 promoted the cleavage and activation of pro-caspase-9, and then activation of caspase-3. Our findings clearly show that SIS3 treatment reduced tubular apoptosis in the UUO kidneys in a dose-dependent manner, and confirm that Smad3 is directly or indirectly involved in renal tubular apoptosis in vivo, as described by Inazaki et al. [21] .
Conclusions
In conclusion, SIS3 protected UUO kidneys against fibrosis, apoptosis, and inflammation injury through inhibition of TGF-b/Smad3 signaling. Our findings suggest that SIS3 and other drugs targeting Smad3 are promising in further anti-fibrosis treatment of kidney disease.
